The transient frequency response (TFR) method has been widely developed and applied in the literature to identify and detect potential defects such as leakage and blockage in water supply pipe systems. This type of method was found to be efficient, economic and non-intrusive for pipeline condition assessment and diagnosis, but its applications so far are mainly limited to single and simple pipeline systems. This paper aims to extend the TFR-based leak detection method to relatively more complex pipeline connection situations. The branched and looped pipe junctions are firstly investigated for their influences to the system TFR, so that their effects can be characterized and separated from the effect of other components and potential leakage defects in the system. The leak-induced patterns of transient responses are derived analytically using the transfer matrix method for systems with different pipe junctions, which thereafter are used for the analysis of pipe leakage conditions in the system. The developed method is validated through different numerical experiments in this study. Based on the analytical analysis and numerical results, the applicability and accuracy as well as the limitations of the developed TFR-based leak detection method are discussed for practical applications in the paper.
INTRODUCTION
The problem of potential leaks in water supply pipelines has raised great interest for a long time to both academic researchers and practical engineers in this field. Pipe leakage may cause waste for water and energy resources and can also provide entry points for contaminants in urban water supply systems (Lee et al. ) . Various leak detection methods have been developed in the past decades and widely used in urban water pipeline systems. The most common leak location technique is acoustic analysis. This method involves the use of a special listening device (i.e. geophone) to listen to the sounds emanating from a pipeline. Acoustic analysis relies on the fact that sound emanating from a leak has well-defined characteristics, which enables leak-induced noise to be distinguished from the noise of the mean pipe flows. Infrared thermography technique is another common method and involves the use of infrared imaging to analyze the ground temperature characteristics surrounding water pipes. Other common methods include fluoride testing and tracer gas analysis. While useful, these methods are limited to large leaks and can only work when the operator happens to be in the vicinity of the leak (Wang ; Lee ) . Particularly, the fact that over 30% of portable water is lost from pipes around the world is a clear testimony that current methods are far from satisfactory (Duan et al. ) . , , ). The tenet of this kind of method is that a pressure wave with appropriate bandwidth and amplitude is intentionally injected into the pipeline (Lee et al. ) .
The system response (e.g. pressure head) is then measured at specified location(s) in the pipeline and analyzed for leak detection (Duan et al. ) . Such transient-based methods have become popular for the advantages of their fast speed, ability to work online and large operational range (Colombo et al. ) . While these different types of transient leak detection methods have been proposed and applied to many simple pipe systems in the literature, it was found from many field studies that these methods encountered difficulties in deal- (non-uniform) . In addition, the effort in going around and isolating pipes is bewildering given that the total length of water supply lines in a modern city attains to an order of 1,000 km or more (e.g. about 8,000 km in Hong Kong). Therefore, an extension of such transient-based methods to more realistic and complex pipelines is urgently required and practically significant to reduce leakage in urban water supply systems.
Recently, few researchers in this field have attempted to extend the transient-based method to relatively more complex pipeline systems. Particularly, the TWR method based on wavelet analysis has been applied to simple However, only the cases of single and simple series pipelines are considered for the TFR-based method in previous studies; and for the cases of branched and looped pipelines that commonly exist in practical systems, an extension of this method is highly required in both method and application, which is the scope of this study. In this paper, the influences of typical pipe branched and looped junctions to the transient responses are firstly examined by numerical applications. The method and principles for TFR-based leak detection in branched and simple looped pipeline systems are then derived and developed, which are thereafter applied for different numerical cases. In the end, the results and findings of this study are analyzed and the limitations and future improvements of the developed method are discussed for practical applications in this field. 
MODELS AND METHODS
where
tion factor. The method of characteristics is applied to solve the waterhammer model (Chaudhry ) . Note that only steady friction effect is considered in the analytical derivation and the unsteady friction effect will be included and validated in the numerical simulations.
The frequency domain equivalents of the 1D mass and momentum equations in Equations (1) and (2) 
or in a matrix form: represent quantities at the two ends/sides of the pipe section or system element under investigation respectively; μ and Y ¼ propagation factor and impedance coefficient, and: 
TFR RESULTS FOR DIFFERENT PIPE JUNCTIONS
To develop the leak detection method, it is necessary to understand and characterize the difference of the system TFRs under intact (leak-free) and leakage conditions. That is, the leak-induced patterns are required to be explored and derived for the TFRs of pipeline systems with different pipe connecting junctions (Duan et al. ) . Two typical junctions of three-pipe branch and simple two-pipe loop shown in Figure 1(b) and 1(c) are considered in this study.
For simplicity and illustration, only the single leakage situation is considered in this study, and for multiple leaks, the similar derivation and analysis procedure can be extended and applied. The main results of TFR for these two cases of branched and looped pipe systems are summarized in this section, with the derivation details presented in the appendix (available with the online version of this paper).
For the intact case of branched pipeline system shown in Figure 1(b) , the following resonant condition is obtained by the transfer matrix method as given in Equation (A10) in the appendix:
where subscript numbers are pipe numbers described in 
whereĥ Ln is the converted TFR based on the difference between the intact and leakage situations; n is the number of pipe that the potential leakage is located (n ¼ 1, 2, 3 in this study); x Ln is the distance of leakage location from the upstream end of the pipeline n; K L is the impendence factor for describing the leakage size; the subscript L is used for quantity for leaking pipe system; the superscript B
indicates the quantity for branched pipeline system, and C, φ are intact system based known coefficients with their expressions provided in the appendix. The result of Equation (7) indicates that the leak-induced pattern for TFRs is dependent on the system configuration as well as the location of the leaking pipe section in the system. Moreover, for given branched pipeline system, the leak-induced pattern relies only on the potential leak information (location and size), which therefore can be used inversely to identify and detect pipe leakage in the system.
Similarly, for the simple looped pipeline system in Figure 1(c) , the leak-induced patterns for different leaking conditions can be derived and expressed as follows (see Equations (B11) and (B12) in the appendix):
where the superscript O indicates the quantities obtained for the looped pipeline system; the expressions of known coefficients C, R, S, T, φ are given in the appendix. Therefore, there are four possible leak-induced patterns in the system of 
TFR-BASED LEAK DETECTION
It is known from Equation (7) or (8) here for the inverse analysis of Equation (7) or (8). The detailed formulation and steps for applying this GA-based method in water pipeline systems refer to Duan & Lee () . Figure 3 shows the main application principle and procedure of the proposed TFR-based leak detection method in this study.
It is also noted that, in this proposed method and procedure, the potential leakage information is identified 
NUMERICAL VALIDATIONS AND RESULTS ANALYSIS
The system configurations in Figure 1(b) (1) and (2)). The transient pressure head at the just upstream of the inline valve are collected and then converted by Fourier transform into the frequency domain for the analysis. The results of leakage detection based on the proposed method and procedure in this study are obtained and listed in Table 2 . The accuracy of the method is evaluated by the difference between the real and predicted values of the leakage information, which is defined as the relative error (ε) by:
Based on Equation (9), the prediction errors for the test cases are also given in Table 2 . The results demonstrate the validity and accuracy of the proposed method for the leak detection (location and size) in the simple branched and looped pipeline systems considered in this study. Specifically, the maximum relative errors of the prediction are 13 and 28% respectively for locating and sizing the leakage.
That is, this proposed method is more accurate to locate the pipe leakage than to size the leakage, which is similar with the results applied for single and series pipeline systems No. 2 (branched) l 1 ¼ 500, l 2¼ 240; l 3 ¼ 200 . This is mainly because of the linear approximations made for the derivations, which is discussed later in this study.
To further demonstrate the detection process and results, the leak-induced patterns of tests no. 1 and no. 4 from the numerical simulations by 1D models and theoretical prediction by Equation (7) or (8) are plotted in Figure 4 for comparison. Both the results in Table 2 and Figure 4 indicate the good agreements of the phase changes between the leakinduced patterns by numerical simulations and analytical analysis, which results in the relatively small errors in the prediction of the leak locations in Table 2 . However, the results also reveal overall that the analytical result of Equation (7) or (8) has underestimated the amplitudes of the leakinduced patterns due to the simplifications of the nonlinear effects of friction term during the derivations, which also results in the relatively large and negative errors of the leak size prediction in Table 2 . In this regard, the inclusion of nonlinearities of transient effects in the system (e.g. friction or turbulence or wave-structure interactions) is required to improve the accuracy of the leak detection results for the proposed method. This aspect may become the next-step work in the future for the improvement of the TFR-based defect detection method.
FURTHER APPLICATION AND DISCUSSION
The application results and analysis above have validated and confirmed the applicability and accuracy of the proposed method and application procedure for pipe leak detection in the single branched and simple looped pipeline systems considered in this study. These successful validations provide the possibility of the extension of the TFR-based method for leak detection to relatively more complex pipe systems consisting of multiple branched and looped junctions. From this perspective, and based on the similar procedures of this study, the TFR results can also be derived and applied for such pipeline systems with multiple junctions (branched and looped), which actually results in a similar form of leak-induced patterns given in this study, but with different expressions of the knownsystem based coefficients (e.g. C, R, S, T, and φ). For demonstration in this study, a typical pipeline system with two branched pipe junctions shown in Figure 5 is adopted for investigation. The information of system configurations and parameters are plotted in Figure 5 , with different leakage test cases (no. 8 to no. 12) listed in Table 3 .
The TFR-based leak detection results by the proposed method and procedure in this study are shown in Table 3 and the obtained leak-induced patterns for tests no. 8 and no. 10 are plotted in Figure 6 , which demonstrate again the applicability and accuracy of the TFR-based method for identifying and detecting pipe leakage in relatively more complex pipe systems with multiple pipe branches. Compared to the single branched pipe system in Figure 1(b) , the detection accuracy of the TFR-based method becomes decreased with the increase of the connection complexities of the system. However, the relative errors are still within 16 and 35% for leakage location and size respectively, which may also provide useful information and significant implications for the pipe leakage detection and diagnosis in practice. From this The analytical results indicate that both the typical branched and looped pipe junctions may have great influences to the system TFRs but have little impacts on the leak-induced patterns. The GA-based optimization is then proposed for solving the analytically derived leak-induced patterns to obtain the leakage information in the system.
The developed TFR-based method and application procedure are validated through different numerical tests for pipe systems with single branched, single looped and two branched pipe junctions respectively. The results demonstrate the applicability and accuracy of the developed method for leakage identification and detection in these multiple-pipeline systems. However, the results also imply that this method is more accurate to locate the pipe leakage than to size the leakage in these applications.
The results analysis and discussion of this study provide the evidences and confirmations for the extension of the TFR-based method to pipe systems with different connection junctions. It is also noted that extensive experimental tests (laboratory and field) are demanded for further validating the accuracy and sensitivity of the proposed method in practical applications. Furthermore, the feasibility and applicability of the TFR-based method for practical water distribution networks still need more investigations in future work.
